The study demonstrates the usefulness of the RAPD technique for screening large numbers of markers to select a few potentially informative ones for rigorous examination.
. B Phylogeny on the basis of cpRFLP markers (WALLACE ~g; JANSEN 1990 , ROELOFS 8¢ BACHMANN 1996 .
Informative restriction sites are indicated as black bars three annuals and specifically shows a closer association between M. bigelovii and the Chilean M. pygmaea within that group. The data of WALLACE & JANSEN (1990) on restriction site variation in the chloroplast DNA of Microseris showed little variation among these annuals. However, if the few polymorphisms are strictly interpreted, they suggest that M. douglasii is polyphyletic and that (the chloroplasts of) the three other species have arisen independently within M. douglasii. A detailed examination of the chloroplast phylogeny by ROELOFS 8¢ BACHMANN (1997) has confirmed this result: four different chloroplast types were found in various populations of M. douglasii, sometimes two per population. Two of these chloroplast DNAs are restricted to M. douglasii, one is also found in most populations of M. bigelovii, and one appears ancestral to the chloroplast types found in M. bigelovii and M. pygmaea (Fig. lb) . The most likely interpretation of the disagreement between nuclear and chloroplast phylogenies is the assumption that the nuclear phylogeny most closely approximates the organismic evolution of the species, and that chloroplasts of M. bigelovii and of a taxon ancestral to it have been transferred in at least two independent events into M. douglasii. The effect ("chloroplast capture" or "chloroplast introgression") has been observed with surprising frequency in diverse groups of angiosperms since chloroplast phylogenies have become available (SOLTIS & KUZOFF 1995 , RmSERER~ & al. 1996a ). For M. douglasii, selective loss of the maternal M. bigelovii genome from a diploid hybrid between the two species, possibly during several generations of selfing rather than by backcrossing, seems the most likely origin (ROELOFS & BACHMANN 1997) . Artificial hybrids between the two species (CHAMBERS 1955 , BACHMANN & HOMBER6EN 1997 do not eliminate one of the contributing genomes in the first generation but produce many lethal and sterile recombinants in later generations of selfing, which would allow for selection against nuclear DNA markers from one parent.
Under these circumstances we might still expect to detect remnants of an M. (WILLIAMS t~ al. 1990 , WELCH t~Z McCLELLAND 1990 were performed in a MJ Research (US) thermal cycler as described by ROELOFS & BACHMANN (1995) . We used the following random decamer primers (Operon Technologies Inc., US): OPA-5,-7 and-15; OPB-1; OPC-1,-2,-5,-6,-7 and-8; OPD-5; OPF-1 and -10; OPH-3,-4,-12,-13 and -19; OPK-7,-10,-11 and -14. Taq polymerase was provided by HT Biotechnologies (UK). Amplification products were separated on 1.5% agarose gels and visualized by ethidium bromide staining.
Hybridization of RAPD bands. RAPD patterns of interest have been blotted onto "Qiabrane Plus" membrane (Qiagen, Germany) using the vacuum blotting system of Biorad (US). Relevant RAPD bands have been isolated, re-amplified in the presence of 32p and used as probes in hybridization experiments with the blotted original RAPD pattern. Markers that showed promising hybridization patterns have been cloned in the pGEM-T vector (Promega, US) to be further characterized.
Sequencing of RAPD bands. Relevant RAPD clones were further purified with Wizard DNA purification kit (Promega, US) and sequenced on an "Alf Express" automated sequencer (Pharmacia-Biotech, Sweden).
Chloroplast RFLP analysis. DNA isolation from 3 g of fresh leaf material per strain was performed using the maxi preparation method of SAGHAI-MAROOF & al. (1984) modified by ROELOFS & BACHMANN (1995) . Approximately 2 gg DNA was digested with each of the restriction enzymes DraI, EcoRI, EcoRV and HinfI. Southern blotting and hybridization was performed as described by ROELOFS & BACHMANN (1997) . Lettuce Sac I cpDNA clones described by JANSEN & PALMER (1987) were used as probes.
Data analysis. RAPD bands were digitally scored as discrete (present/absent) characters using the IS1000 imaging system (Alfa Innotech Corporation, US) in combination with RFLPscan software (Scanalitics, CSPI, US). The data were used as cladistic characters in PAUP 3.1 (SwoFFORD 1993 RAPD analysis reveals inbred lines. Twenty-two primers yielded approximately 268 amplification products, 34 of which were common to all 23 lines. Only 57 polymorphic bands (2-5 per primer) were considered reliably scorable and reproducible. Treating these as cladistic characters at the level of individual plants (lines) within a population should provide information about the genetic relationship among the various homozygous plants that make up the population. Using the heuristic search option of PAUP, 46 shortest trees of 103 steps were obtained (CI= 0.485, RI=0.775) . Figure 2 shows the 80% majority rule consensus tree of the bootstrap analysis of 200 replicates using the heuristic search option. Much of the cladistic structure in this tree is due to the clear separation of the M. douglasii plants from the strains selected to represent the three sister species, M. elegans, M. bigelovii, and M. pygmaea, and the close association between the Chilean M. pygmaea with M. bigelovii among the Californian relatives. All inbred strains from populations E60 and E63 of M. douglasii together form a polytomy. 
J uJ 700 bp Fig. 4 . Autoradiogram of the hybridization experiment using reamplified A15-0.7 as probe on a Southern blot of the original RAPD pattern (Fig. 2) . Only E63a and E63b give a hybridization pattern similar to that of the three sister species. For abbreviations see Fig. 2 This is the result expected for a freely interbreeding population. Since these populations consist of essentially homozygous inbred lines, recent gene flow is excluded, but it is likely that these populations are derived from a single colonization event. Of the 23 lines derived from single plants in the field, groups of two (E60.3 and 9), three (E60.14, 15, and 19), and four (E60.12 and 13 together with E63a and b) are nearly identical in their RAPD patterns (Table 1) and share the same chloroplast types, the same phenotypes for the percentage of peripheral, hairy achenes and the same average numbers of pappus parts. These three groups represent multiple collections of plants belonging to the same inbred line, where the inbred lines are characterized by "synapomorphic" RAPD amplification products. The two morphological characters each show at least three distinct phenotypes (0-0.5%, 8.2-9.6%, 11.7-17.2% peripheral achenes; averages of 3.3-3.5, 3.8-4.1, 4.3-4.8 pappus parts). On the basis of these characters and the chloroplast types, there are at least another five distinct genotypes in the 14 plants in which the RAPD patterns show no further substructure. It is obvious that the three plants from population E63 selected to represent the most distinct morphological types from that population, have genotypes that are also represented in E60. This result confirms our conclusion that the neighbouring populations E60 and E63 are genetically derived from the same base population.
Search for RAPD bands from M. bigelovii in M. douglasii. In our search for nuclear markers indicative of introgression from M. bigelovii, we detected five RAPD bands that were present in M. bigelovii and in one or more of the M. douglasii plants with M. bigelovii chloroplasts on the basis of their identical position after electrophoresis in agarose gels. One of these, RAPD marker Fl-l.3, was present in M. bigelovii and M. douglasii E60.17 and E60.18 (containing M. bigelovii cpDNA). This marker was previously used in a mapping study of an artificial hybrid between M. bigelovii and M. douglasii (BACHMANN & HOMBERGEN 1996) and segregated in a 3:1 ratio. Furthermore, Fl-l.3 was associated with a QTL for flower color in linkage group 5 (HoMBER~EN & al., unpubl.) . Another RAPD band indicative for introgression from M. bigelovii A15-0.7 segregated 3:1 in the mapping study of BACHMANN & HOMBERGEN (1996) , but did not show linkage in the map. We checked the homology of these bands by hybridization with the amplification products from M. bigelovii. The relevant bands from M. bigelovii strain C94 were isolated from the gel, reamplified in the presence of 32p and used as probes on Southern blots of the original RAPD gels. All five markers used as hybridization probes showed patterns that differed from the way in which the corresponding RAPD bands had been scored. Two of the markers, including FI-1.3, hybridized only with M. bigelovii amplification products, two hybridized with all accessions without correlation with the chloroplast types, and one amplification product, A15-0.7, which has been scored as present in M. douglasii strains B15, B21, E68b, E68c, E63a and E63b (Fig. 3) hybridized with the expected band in E63a and E63b only, but marked the corresponding band in all three sister species (Fig. 4) . This amplification product was cloned from C94 and E63a, and 10 clones from each source were sequenced. Eight clones from E63a were identical with nine clones from C94. The remaining three clones showed considerable sequence variation. Fig. 6 shows the hybridization pattern of one of the identical A15-0.7 clones used as a probe on a Southern blot of a gel containing the RAPD pattern of 18 plants of population E60 amplified with primer A15 (Fig. 5) . As Fig. 5 shows, the clone hybridized with all 18 plants of E60 including those with typical M.
douglasii chloroplasts (E60.1, 0.2, 0.3, 0.4, 0.6. 0.7, and 0.9; see Fig. 2 ).
Hybridization intensities differ strongly among the plants, but are not correlated with the chloroplast types. None of the five potential RAPD amplification products therefore can be demonstrated to be a remnant of nuclear DNA of M. bigelovii introduced together with the M. bigelovii chloroplast.
Discussion
The cladogram of some selected strains of M. bigelovii, M. pygmaea, M. elegans and M. douglasii shown in Fig. 2 re-confirms the sister group relationship between M. douglasii and the three other species that is found whenever nuclear-coded characters are used. It is implied in the monograph by CHAMBERS (1955: fig. 12 ) who was the first to disentangle the relationships among the various annual species of Microseris, and it has been found again with DNA polymorphisms ( VAN HOUTEN & al. 1993 , ROELOFS & BACHMANN 1997 and with morphological characters (BACHMANN & BATTJES 1994) . BATTJES & al. (1994) have shown that a reduction in the number of microsporangia per anther from 4 to 2 in M. bigelovii, M. pygmaea and M. elegans is a clear morphological synapomorphy for the three species. The chloroplast genome of Asteraceaen species is maternally inherited (CORRIVEAU • COLEMAN 1988 , SOLTIS & SOLTIS 1989 in all instances reported to date, except for one case in Coreopsis (MASON & al. 1994 ). The phylogenetic relationship of the chloroplast genomes of the annual diploid Microseris species has been fully resolved by ROELOFS & BACHMANN (1997) , and can only be superimposed on the nuclear phylogeny, when at least two incidences of chloroplast introgression, one from M. bigelovii, one from the ancestor of M. bigelovii and M. pygmaea, are postulated. Similar inconsistencies between nuclear and chloroplast phylogenies have meanwhile been observed in more than 60 cases throughout the angiosperms (SOLTIS & KUZOFF 1995 , RIESEBERG & al. 1996a ). They must be the result of ancient hybridizations followed by the elimination of the maternal nuclear genome. Eleven different mechanisms have been proposed for this process (reviewed by RtESEBERG & al. 1996a ) but it is difficult to produce convincing proof of the exact mechanism after the fact. The inconsistency between the nuclear and the chloroplast phylogenies implies that at best very small traces of the maternal genome may remain in plants with the foreign chloroplasts. This rigorous elimination suggests a directed process stronger than preferential backcrossing of the original hybrid. Since the annual species of Microseris reproduce nearly exclusively by selfing, a process involving repeated backcrossing is particularly unlikely in this case. RIESEBERG & al. (1996b) suggest that selection rather than chance governs the genomic composition of a hybrid: the genomic composition of the natural hybrid species Helianthus anomalus very much resembles that of artificial hybrids between H. anuus and H. petiolaris. In their genomic analysis 71 to 80% of H. petiolaris RAPD markers introgressed at significantly lower than expected frequencies in the artificial hybrids. Epistatic interactions implied by marker associations suggest that only loci from H. petiolaris with neutral or favorable interactions with the H. annuus background persist.
The selective removal of M. bigelovii markers from an original M. bigelovii x M. douglasii hybrid has also been postulated by us for the chloroplast introgression seen here (ROELOFS & BACHMANN 1997) . Artificial hybrids between the two species have been made. Depending on the parental populations involved, the fertility of the F1 hybrids is slightly to severely reduced, and there is consequently a more or less severe selection among the recombinant genotypes (CHAMBERS 1955; BACHMANN & al., unpubl.) . We know that there is no immediate elimination of the M. bigelovii genome in the F1 hybrid. One such hybrid has been mapped intensively with nuclear DNA markers (BACHMANN & HOMBERGEN 1996) and recombinant inbred strains have been derived from it. The proportion of markers from the two parental species in relation to the fertility of the derived lines is being studied at present in the F5 (HoMBERCEN & al., unpubl. better comparative basis, we have found five RAPD amplification products in 268 obtained with 22 primers that had distribution patterns suggestive of nuclear introgression. As it turned out, a detailed analysis of the five amplification products did not support this suggestion for any of them.
The problems involved in using RAPDs as nuclear DNA markers and the safeguards necessary for their application have been discussed repeatedly (HADRYS & al. 1992; BACHMANN 1992 BACHMANN , 1994 CLARK • LANIGAN 1993; WHITKUS & al. 1994; RmSEBER~ 1996b; ROELOFS & BACHMAN~ 1997) . The great advantage of RAPDs is the possibility to survey rather quickly and inexpensively large numbers of markers more or less randomly distributed all over the genome and therefore potentially linked with any region or locus of interest. The fact that bands at the same position in a gel are assumed to be identical amplification products always introduces false interpretations. These may introduce acceptable noise in the data, as in the phylogenetic applications at low taxonomic levels, especially at the level of clones or inbred lines (discussed by BACHMANN 1994), or they may not permit conclusions without further investigation. The search for markers for nuclear introgression here is an example for the latter. When the argument rests on a very small number of pre-selected RAPD amplification products, the homology and distribution of these must be independently verified. The advantage of RAPDs lies in the fact, that the preselection does not require such elaborate methods, their disadvantage in the possibility that the few remaining markers turn out to be false positives, as here.
The present study rather than elucidating the mechanism of chloroplast introgression, in fact has added a complicating aspect. Population E60/E63 is polymorphic for plants with two types of chloroplasts. The sequence differences between these are large enough so that the parallel origin of the M. bigelovii type chloroplast in M. douglasii from an M. douglasii chloroplast can be discounted as well as an ancient inherited chloroplast polymorphism that has been sorted out only in the ancestors of the present population. Since on the basis of the nuclear genomes the plants in population E60/E63 look like surviving recombinant inbred lines of a past hybridization event, it is very puzzling that different lines should contain one or the other type of chloroplast. While the results of "chloroplast introgression" turn up ever more often, the precise mechanism in an individual case still needs to be elucidated. We expect that the detailed analysis of artificial hybrids will be the most promising approach.
